This paper investigates the effect of solute (namely Zr, Fe and Si) in Al alloys on grain boundary character and mobility based on experiments in which individual boundaries migrate under a stored energy driving pressure acquired from prior plastic strain. A compensation effect is noted both alloys studied with respect to both temperature and solute content. As supported by the literature, boundaries exhibit a maximum mobility for a 38-39º<111> misorientation in initial annealing experiments; this mobility maximum is asymmetric with a sharp cutoff below 38-39º but a more gradual decrease at misorientations beyond 40º. The presence of a minimum at 38-39º is found at both higher temperatures and higher solute concentrations. A shift in texture dependency with solute and temperature is also observed. This transition from a local mobility maximum to a minimum is discussed within the context of recent developments in solute drag theory.
INTRODUCTION
Due to their pronounced effect on the behavior and use of alloys, impurities have long been a subject of interest when studying microstructural development in materials, specifically, the effect of composition on recrystallization kinetics. All commercially significant alloys have substantial levels of solute that affect the migration of grain boundaries during recrystallization, namely a 'solute drag effect' [1] . Only a small amount of experimental data has been collected with respect to solute drag effects, all of which was performed within a Scanning Electron Microscope in conjunction with the use of Electron Backscattered Diffraction [2] [3] [4] [5] [6] [7] . These methods allow for the observation of solute effects on kinetics [7, 10] as well as in differences in growth mechanisms of particular boundary types [2] [3] [4] [5] . Correlations have been noted between the pre-factor and the effective activation enthalpy when the temperature dependence of the mobility is expressed as an Arrhenius relationship [3, 4] .The quantification of the effect of individual solutes, however, (e.g., not grouped together as one contributing impurity concentration) remains as relatively unexplored territory. The current literature suggests a preference for boundary types depending on temperature and solute content [4] [5] [6] , suggesting a compensation effect; this paper further explores the effect of both temperature and solute on boundary character and mobility during recrystallization. The observations in these experiments suggest that stored energy driving forces produce similar anisotropic behavior to those carried out under a curvature driving force
EXPERIMENTAL
The mobility of individual grain boundaries during recrystallization was studied with an in-situ annealing procedure. A hot-stage was inserted into the XL-40 FEG SEM in order to observe directly the mechanism of boundary movement. During these heating experiments, electron backscatter diffraction patterns (EBSPs) were obtained to examine the orientation relationships of each grain at each stage of development. Single crystals were grown from compressed samples of differing impurity concentrations and subsequently cold rolled and scratched before heating; Electron Backscatter Diffraction Patterns were acquired intermittently during the in-situ annealing experiments [11] . Two Al alloys were used in these experiments, one of which was based on high purity (99.999%) aluminum (HPAl+Zr) and the other based on commercial (.032%Si and .014%Fe) purity Al (CPAl+Zr), both containing approximately .03% Zr. Exact compositions can be found in [11] .
RESULTS
Annealing experiments with the two alloys, HPAl +Zr and CPAl+Zr, showed that there is a strong dependence of mobility and morphology on both boundary character (i.e. misorientation) and annealing temperature. In the HPAl+Zr alloy, a pronounced 38-39°<111> mobility maximum was found when annealed at 350°C, as shown in Figure 1 (a); these highly mobile grain boundaries were characterized as near-sigma 7 type CSL boundaries, and exhibited pronounced faceting, growing rapidly parallel to the rolling direction but with faceted, nearly immobile side faces [11] . A sharp contrast in this trend was observed during annealing HPAl+Zr at 485°C. The mobility maximum at approximately 38° became a minimum flanked by two maxima; at approximately 35° and 48° degrees, respectively ( Figure 1(b) ). This trend can be explained by the compensation temperature (Tc) effect [6] , i.e., that all boundaries in a given series have enthalpies and entropies of mobility in a fixed ratio with the consequence that at some particular (compensation) temperature, all mobilities are equal. Variations in enthalpy among boundary types in the same series may then lead to reversals in the rank order of mobilities as the temperature is changed. Another result of the higher temperature anneal was that the faceting of the growing grains was less pronounced. The absence of faceting mimics the behavior of the alloy with a higher solute content, CPAl+Zr, which is a commercial purity aluminum containing appreciable amounts of iron and silicon as well as the deliberate addition of zirconium. It should be noted that the final annealing time (to obtain recrystallization) for this alloy at 485°C was 106 minutes; this suggests that the additional Fe and Si exert appreciably greater solute drag when compared to a final annealing time for the HPAl+Zr alloy at 485°C of 20 minutes (to obtain comparable migration distances), as one might excpect from the profound retardation that iron is known to exert in aluminum [13] .
With respect to the most mobile grain boundaries, there is a maximum in mobility near the Σ7 CSL boundary type (38.2°), with the largest grains possessing boundary misorientation angles of 38-39° and some at angles between 40-50°, as shown in Fig. 2(a) ; this trend is similar to that seen in the HPAl+Zr alloy annealed at 350°C. In contrast to this, the most mobile grain boundaries for this CP+Al alloy annealed at approximately 525°C had misorientation angles above 40°, with the largest closer to 50°, as shown in Fig. 2(b) . The comparison of the two plots shows a strong compensation effect, similar to that found in the HPAl+Zr alloy. This shift in the position of the maximum from low temperature anneals (presumably at T<Tc) to high temperature anneals (T>Tc), is in agreement with the results of Gottstein et al. [6] in a study of curvature driven <111> boundaries in aluminum. To investigate further the effect the compensation effect discussed above, Rodrigues-Frank (RF) plots were generated for both alloys at each annealing temperature. The mobilities were sorted by the value of the Rodrigues-Frank parameter and a smoothed contour plot made to show the anisotropy of mobility. An increase in the mobility of <001> and <110> type boundaries is noted going from the low to the high temperature anneals for both compositions. Most obvious, however, is the presence of solely <111> type texture in the low temperature anneal of HPAl+Zr, contrasted with the growth of <001> and <110> boundaries at the higher temperature. The appearance of highly mobile <001> boundaries is most obvious in the RF sections (triangles) labeled 'a' in Figure 3 . This transition suggests a composition dependency of the compensation temperature. As supported by the mobility plots, a much more pronounced effect in boundary character preference was seen in the HPAl+Zr alloy with increasing annealing temperature, whereas in the CPAl+Zr alloy, the temperature increase did not lead to such a dramatic change; in this case, the mobility peak simply shifted and broadened while the texture plots displayed a slight increase in <001> and <110> boundaries, as shown in Figure 4 . From these results, it can be noted that the addition of Fe and Si to the AlZr alloys drastically changes the compensation temperature.
(a) (b) It is also evident from the results of the HPAl+Zr alloy that faceted 38º<111> boundaries are more easily nucleated at both lower solute and temperature. This dependency was further analyzed by a qualitative calculation of the activation energies using the mobility results for each alloy (Table I ). It appears that the lower activation energy (relative to the others) is in agreement with the peaks shown in the mobility and RF plots, as well as the higher relative activation energy for boundaries above 40 for the HP, and lower for those random high angle boundaries in the CP alloy, revealing the higher population of <001> and <110> boundaries in CPAl+Zr. 
SUMMARY
• The change in annealing temperature from 350°C to 485°C produces significantly different trends in grain boundary mobility with respect to specific boundary types in an HPAl+Zr alloy. A maximum near the Σ7 CSL type is seen at 350°C whereas a minimum at this angle is seen at 485°C, with flanking maxima at both 35° and 48°. A similar trend in character specific growth is found in a CPAl+Zr alloy annealed at 485°C, with a local maximum near the Σ7 CSL boundary type.
• The change from low to high temperature in both alloys produced more <001> and <110> types in addition to <111>, which is in agreement with the shifts in mobility with respect to misorientation angle. Only the HPAl+Zr annealed at 350°C produces solely <111> type boundaries; this sample also exhibited faceting of these boundaries, i.e. a strong dependence of mobility on boundary normal.
• A compensation effect is observed in both alloys when changing from low to high temperature anneals; the maximum at 38-39°C is shifted due to this change, suggesting low activation energy of the near Σ7 boundary growth process. This effect is supported by a smaller calculated activation energy for near-Σ7 type boundaries in both alloys.
• Significant faceting is seen in the HPAl+Zr alloy annealed at 350°C; these faceted grain boundaries are of the Σ7 CSL boundary type. Faceting was negligible in both the CPAl+Zr alloy and the HPAl+Zr alloy when annealed at 485°C.
• Irregular boundary motion was observed in the faceted Σ7 type boundaries whereas it was not as pronounced in random high angle boundaries
• Slower recrystallization was noted in the CPAl+Zr sample compared to the HPAl+Zr; the recrystallization time was approximately 80 minutes longer. This suggests stronger solute drag corresponding to the higher levels of iron and silicon present in this material. Faceted, Σ7 boundaries appeared to be the most mobile boundary type
• The observations made in these experiments suggest a connection between boundary character and morphology with both temperature and solute content. At a given temperature, alloys with higher solute content exhibit mobility variations similar to those with lower solute content annealed at higher temperatures.
